Protein synthesis is a dynamic process that tunes the cellular proteome in response to internal and external demands. metabolic labeling approaches identify the general proteomic response but cannot visualize specific newly synthesized proteins within cells. here we describe a technique that couples noncanonical amino acid tagging or puromycylation with the proximity ligation assay to visualize specific newly synthesized proteins and monitor their origin, redistribution and turnover in situ.
Spatiotemporal regulation of protein synthesis underlies the homeostasis and plasticity of all cells. Pulse-labeling with radioactive amino acids is the traditional method for visualizing newly synthesized proteins in situ. Recent advances in bioorthogonal labeling with noncanonical amino acids have transformed our access to newly synthesized proteomes. With click chemistry, labeled, newly synthesized proteins can be tagged, purified and identified using mass spectrometry 1 or visualized in situ using fluorescent tags (fluorescent noncanonical amino acid tagging, or FUNCAT) 2 . Alternatively, the newly synthesized proteome can be visualized with puromycin labeling and puromycin antibodies 3, 4 . One remaining hurdle, however, is the ability to visualize a specific endogenous protein as newly synthesized in situ.
To accomplish this, we developed a proximity ligation assay (PLA) 5, 6 -based strategy that detects the spatial coincidence of two antibodies: one that identifies a newly synthesized protein tagged with either FUNCAT or puromycylation and another that identifies a specific epitope in a protein of interest (POI) (Fig. 1a) . In FUNCAT, azidohomoalanine (AHA) is taken up by cells and loaded onto methionine tRNAs. During translation, AHA is incorporated into newly synthesized proteins. A biotin-based tag is then added by click chemistry, and the newly synthesized protein is visualized using an anti-biotin antibody ( Supplementary Fig. 1a,b) . Alternatively, newly synthesized proteins can be recognized using puromycylation 3, 4 , in which cells are of seconds to minutes were sufficient to obtain a Puro-PLA signal that was linear with time, a detectable FUNCAT-PLA signal required longer metabolic labeling times, but it was also linear over time (Fig. 1f) . Using a brief methionine-starvation period before AHA labeling allowed us to directly compare FUNCAT-and Puro-PLA for an identical metabolic labeling time (15 min) and the same POI antibody (TGN38); in this experiment we found a roughly tenfold higher signal with Puro-PLA than with FUNCAT-PLA (data not shown).
Advancements in transcriptomics and proteomics have arguably delivered both what can potentially be translated (the transcriptome) 9, 11, 12 and the tissue-wide population of proteins that are in fact translated in a certain time window (the proteome) 1 . What is clearly missing, however, is the subcellular resolution of the site of synthesis and the ensuing spatial redistribution of newly synthesized proteins. To explore this, we used the protein bassoon because it is thought to be synthesized in the soma (despite the recent detection of bassoon mRNA in the neuropil 9, 13 ) and then transported to presynaptic terminals by specialized transport vesicles 14 . To test whether, in addition to rapid transport after synthesis, a fraction of the protein might be synthesized locally, we performed bassoon Puro-PLA, labeling for just 4 min, to visualize the origin of nascent bassoon. The results were consistent . In Puro-PLA experiments, an N-terminal bassoon antibody and an anti-puromycin antibody (magenta Y) are predicted to generate a larger signal than a C-terminal bassoon and puromycin antibody pair because puromycin (magenta triangle) blocks the elongation of the nascent chain. If both antibodies recognize epitopes in the same protein, the Puro-PLA signal generated with N-terminal antibodies is expected to be greater than that generated with C-terminal antibodies. (b) Representative fluorescence images and close-ups showing Puro-PLA signal for the bassoon protein detected after labeling with puromycin (Puro) for 4 min or without Puro, using either N-terminal (left) or C-terminal (right) anti-bassoon antibodies. Green, PLA signal; magenta, MAP2; blue, DAPI-labeled nuclei; grayscale, PLA signal. Scale bars, 30 µm (top two rows) and 10 µm (bottom two rows). (c) Quantification of signal shown in b. For each experiment, the background-corrected Puro-PLA density for each antibody was normalized to the mean value for the C-terminal antibody (mean ± s.e.m. from three independent experiments, n = 10 or 11 cells). Statistical significance was tested using an unpaired Student's t-test (*P = 0.014). with local synthesis: some bassoon Puro-PLA signal was detected adjacent to dendrites (Fig. 2b) . Because protein synthesis proceeds from the N to the C terminus and puromycin truncates the nascent protein chain, we reasoned that antibodies directed against the N terminus should generate more Puro-PLA labeling than C-terminal antibodies against the same protein (Fig. 2a) . Indeed we found that the N-terminal Puro-PLA signal was higher than C-terminal Puro-PLA signal ( Fig. 2c) (even when controlling for epitope availability, Supplementary Fig. 5b ), thus supporting the idea that the bassoon Puro-PLA signal is primarily due to the binding of two antibodies to the same nascent polypeptide. The turnover rates of specific endogenous proteins are usually determined biochemically, after incorporation of heavy isotopes and tissue solubilization-a technique that is not amendable to visualization in situ. We thus sought to visualize the turnover of individual neuronal proteins in situ with FUNCAT-PLA. We examined the turnover of two proteins with different stabilities: TrkB (Ntrk2), a neurotrophin receptor, and bassoon, with halflives of 0.7 and 2.6 d, respectively 15 . Cultured neurons were pulse labeled with AHA (2 h) and then 'chased' (incubated in AHA-free medium) for different times before FUNCAT-PLA (Fig. 3a) . The TrkB FUNCAT-PLA signal exhibited a steep decline over the time period examined, with 50% of the initial signal disappearing within 24 h (Fig. 3b) . In contrast, the bassoon FUNCAT-PLA signal was much more stable, with more than 50% of the initial signal still present after 48 h (Fig. 3b) . Thus, protein stability in situ can be assessed with FUNCAT-PLA, and the data are consistent with half-life values determined by biochemical means.
Although photoswitching fluorescent proteins and other timecontrolled tags have made it possible to visualize the redistribution of candidate proteins in live cells, these approaches require the addition of fluorescent tags and usually involve protein overexpression 16, 17 . In contrast, FUNCAT-PLA allows one to address changes in the localization of a pulse-labeled population of endogenous proteins. We monitored the redistribution of bassoon marked after a 2-h AHA pulse. After a 10-min chase, many bassoon-FUNCAT-PLA particles were localized in the soma with some labeling also present along dendrites. Over time, however, bassoon levels in the soma declined, whereas the population detected along dendrites increased (Fig. 3c,d and Supplementary Fig. 6a ). Most bassoon proteins made in the soma were thus exported or degraded in a compartment-specific manner. Interestingly, bassoon FUNCAT-PLA signal measured along dendrites at early time points of the chase was relatively high (~50% of the level at the steady state). This suggests that nascent proteins are transported very rapidly or that a substantial amount of the protein is indeed synthesized locally.
In neurons, reducing neuronal activity leads to a homeostatic increase of synaptic responses 18, 19 . This synaptic scaling is associated with increased synaptic levels of GluA1 (Gria1)-containing glutamate AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptors 19 . We thus examined whether homeostatic plasticity elicited by blocking action potentials alone or accompanied by blockade of the NMDA (N-methyl-d-aspartate)-receptor component of spontaneous neurotransmission results in new synthesis of GluA1. In control neurons, metabolic labeling with AHA for 3 h resulted in a small amount of GluA1 FUNCAT-PLA signal that was primarily associated with neuronal somata and proximal dendrites (Fig. 3e,f) . Homeostatic plasticity induced by inhibition of action potentials led to an increase in the newly synthesized GluA1 evident in both somata and the dendrites that was even greater when we blocked spontaneous transmission concomitantly (Fig. 3f) .
Using metabolic labeling in combination with PLA, we visualized with a high signal-to-noise ratio the spatial coincidence of npg a tag for newly synthesized protein and a POI epitope. To our knowledge, this work provides the most sensitive method developed thus far to follow specific nascent endogenous proteins minutes to hours after their synthesis and monitor their turnover and redistribution in situ, in their native cellular context. The two methods of metabolic labeling-AHA incorporation and puromycylation-have distinct advantages and disadvantages and, as such, provide different insights (Supplementary Table 1) . AHA uptake and activation by the methionyl tRNA synthetase is rate limiting for AHA incorporation and therefore requires relatively long pretreatment times (minutes to hours). In contrast, incorporation of puromycin as a tRNA analog is considerably faster (seconds to minutes). Furthermore AHA replaces only methionine residues, whereas puromycylation can occur at any residue 7 . AHA labeling is more efficient with a prior methionine-starvation step and is ideally implemented in a methionine-free medium that might be sensed as cellular stress signal (but see also Supplementary Fig. 7) . Note, however, that an increase in overall toxicity was not observed in previous experiments 1 . Thus, for experiments in which brief labeling is necessary, puromycylation is preferred.
AHA incorporation is the method of choice for pulse-labeling a fraction of proteins to follow their fate over a longer timescale (hours to days) to examine protein distribution changes, turnover or half-life. There is no indication that AHA incorporation changes a protein's spatial fate 1, 2, 20 . In contrast, puromycin incorporation results in premature truncation of polypeptide chains and enhanced degradation of truncated proteins 21 . Thus, FUNCAT-PLA and Puro-PLA each has advantages and drawbacks (Supplementary Table 1 ). Both have the potential to answer a broad spectrum of questions related to protein synthesis rate and site and the spatial fate of endogenous newly synthesized proteins within cells.
Although, in principle, the spatial proximity of the tags used could be achieved by labeling two neighboring proteins 6 rather than a single protein, our data are consistent with the idea that the majority of the signal derives from a dually labeled newly synthesized POI. Reduction of the spatial range of co-detection (for example, by clicking a PLA-oligo directly to AHA or puromycin; PLA-oligo-coupling to POI-epitope nanobodies) might be useful in the future. In addition, multiplexing is one of the advantages of PLA detection, which suggests the potential to monitor several newly synthesized proteins simultaneously. methods Methods and any associated references are available in the online version of the paper. online methods Cell culture. Lcells. The mouse fibroblast Lcell line (ATCC-CRL-2648) was obtained from the American Type Culture Collection (ATCC) and cultured in a humidified atmosphere at 37 °C and 5% CO 2 in DMEM-GlutaMAX-I (Life Technologies) supplemented with 10% FBS (Life Technologies) and 1 mM sodium pyruvate (Life Technologies). Generation of the stably transfected Lcell line expressing Venus-NCad was described previously 22 . Cells were screened and negative for mycoplasma contamination. Cells were split twice a week by trypsinizing with TrypLE Express (Life Technologies) for 5 min at 37 °C. The reaction was stopped by the addition of serum-containing culture medium, and cells were replated in a ratio 1:5 or 1:10.
For passaging of the Lcell line expressing NCad-Venus, Geneticin (800 µg/ml, Life Technologies) was added to the culture medium to maintain the selection pressure. Geneticin was not present during experiments or in mixed cultures. For experiments, cells were plated onto glass-bottom dishes (MatTek) and used at 90% confluency.
Hippocampal neurons. Dissociated rat hippocampal neuron cultures were prepared and maintained essentially as described previously 23, 24 . Briefly, we dissected hippocampi from postnatal day 0-1 rat pups of either sex (Sprague-Dawley strain; Charles River Laboratories), dissociated them with papain (Sigma) and plated them at a density of 40 × 10 3 cells/cm 2 onto poly(d-lysine)-coated glass-bottom Petri dishes (MatTek). Hippocampal neurons were maintained and allowed to mature in a humidified atmosphere at 37 °C and 5% CO 2 in growth medium (Neurobasal-A supplemented with B27 and GlutaMAX-I, Life Technologies) for >18 d in vitro to ensure synapse maturation. All experiments complied with national animal care guidelines and the guidelines issued by the Max Planck Society, and were approved by local authorities.
Metabolic labeling with AHA and biotin-alkyne click (FUNCAT).
The FUNCAT part of the assay was performed as described previously 2, 25 with the following modification: we used a biotin-alkyne (Acetylene-PEG4-Biotin, Jena Bioscience) as a tag in the copper-catalyzed [3+2] azide-alkyne cycloaddition (CuAAC) click reaction. Cells on MatTek dishes were incubated in HBS (Lcells), methionine-free HibernateA (for neurons, custom made by BrainBits LLC) or methionine-free NeurobasalA (for neurons, custom made by Life Technologies) supplemented with 4 mM AHA (prepared as described in Link et al. 26 ) for 2 h except for the following two experiments: (i) investigation of the activity-dependent upregulation of GluA1 synthesis (labeling time = 3 h; for detailed incubation scheme, see Supplementary  Fig. 6b ) and (ii) the direct comparison with Puro-PLA (15 min) and linearity experiments (see Fig. 1f , treated for the times indicated after preincubation with methionine-free Neurobasal A for 30 min). In methionine control experiments, AHA was replaced by 4 mM methionine (Sigma). In protein synthesis inhibitor control experiments, cells were preincubated for 30 min with 40 µM anisomycin (Tocris) in their full conditioned medium; the same concentration of anisomycin was present during AHA incubation. For experiments with neurons, the B27 supplement (Life Technologies) was present in all incubation media. After metabolic labeling, cells were placed back into their original conditioned medium for 15 min (chase). Different chase periods (AHA free) up to 48 h were used when indicated (for example, Fig. 3) , and no chase was performed in linearity experiments in Figure 1f and the direct comparison with Puro-PLA. Subsequently, cells were washed quickly two times with PBS-MC (1× PBS, pH 7.4, 1 mM MgCl 2 , 0.1 mM CaCl 2 ) and fixed for 20 min in PFA-sucrose (4% paraformaldehyde (Alfa Aesar), 4% sucrose in PBS-MC) at room temperature, washed, permeabilized with 0.5% Triton X-100 in 1× PBS, pH 7.4, for 15 min and blocked with blocking buffer (4% goat serum in 1× PBS) for 1 h. To optimize conditions for the CuAAC click reaction, we equilibrated cells by washes with 1× PBS, pH 7.8.
For the CuAAC click reaction, to avoid copper bromidederived precipitates, we used the reducing agent Tris(2-carboxyethyl)phosphine (TCEP) in combination with CuSO 4 to generate the Cu(I) catalyst for CuAAC. A click reaction mix composed of 200 µM triazole ligand Tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amine (TBTA), 25 µM biotin alkyne tag, 500 µM TCEP and 200 µM CuSO 4 was mixed in PBS, pH 7.8, with vigorous vortexing after each addition of a reagent from stock solutions. The click reaction mixture was prepared immediately before application to the cells, and CuAAC was performed overnight at room temperature. After the click reaction, cells were washed intensely with PBS and 0.5% Triton X-100 in PBS and either processed directly for immunocytochemical detection of biotin (equivalent to regular FUNCAT) and cell markers or processed for PLA detection.
Puromycylation. For puromycylation, neurons were incubated with (or, in "no puro" controls, without) 1-3 µM puromycin for 2-15 min (as indicated) in full medium at 37 °C in a humidified atmosphere with 5% CO 2 . Incubation was stopped by two fast washes in prewarmed PBS-MC, and cells were fixed for 20 min in PFA-sucrose. In protein synthesis inhibitor control experiments, cells were pretreated with 40 µM anisomycin for 30 min before addition of puromycin to the medium. Experiments to determine site of synthesis were, in addition, carried out with a 30-min pretreatment with 355 µM cycloheximide, which stalls the truncated protein at the ribosome and enhances puromycylation 3 . After fixation, cells were washed, permeabilized and treated as described in the sections "Proximity ligation assay (PLA)" (using puromycin antibody and protein of interest antibody as primary antibody pair for 2 h) and "Immunocytochemistry."
Proximity ligation assay (PLA). Detection of newly synthesized proteins by proximity ligation was carried out using anti-biotin antibodies or anti-puromycin antibodies in combination with protein-specific antibodies and detection using Duolink reagents (Sigma) according to the manufacturer's recommendations with slight modifications. We routinely used rabbit (rb) PLA plus and mouse (ms) PLA minus probes as secondary antibodies and the "Duolink Detection reagents Red" (Sigma) for ligation, amplification and label probe binding. PLA probes were swapped sometimes for control purposes.
Briefly, after metabolic labeling, permeabilization and washing (see sections "Metabolic labeling with AHA and biotin-alkyne click (FUNCAT)" and "Puromycylation"), cells were blocked in blocking buffer (4% goat serum in PBS, 1 h) and incubated with primary antibody pairs diluted in blocking buffer (1.5 h at room temperature). After washing, PLA probes were applied in 1:10 dilution in blocking buffer for 1 h at 37 °C, washed several times npg with wash buffer A (0.01 M Tris, 0.15 M NaCl, 0.05% Tween 20) and incubated for 30 min with the ligation reaction containing the circularization oligos and T4 ligase prepared according to the manufacturer's recommendations (Duolink Detection reagents Red, Sigma) in a prewarmed humidified chamber at 37 °C. Amplification and label probe binding was performed after further washes with wash buffer A with the amplification reaction mixture containing Phi29 polymerase and the fluorophore-labeled detection oligo prepared according to the manufacturer's recommendations (Duolink Detection reagents Red, Sigma) in a prewarmed humidified chamber at 37 °C for 100 min. Amplification was stopped by three washes in 0.2 M Tris, 0.1 M NaCl, pH 7.5, followed by washes in PBS, pH 7.4. For better signal stability, cells were post-fixed for 10 min at room temperature in PFA-sucrose, washed with PBS and processed further for immunohistochemistry with cell markers and/or 4′,6-diamidino-2-phenylindole (DAPI) nucleus stain.
Labeling of the total amount of a protein of interest with PLA was achieved by using only a single primary antibody and PLA plus and PLA minus probes against the species the antibody was developed in (see also Supplementary Fig. 2e ). We did not detect obvious differences in the performance of monoclonal compared to polyclonal antibodies. Rather, the specificity of labeling in immunocytochemistry plays a more important role. Before a specific biological question is addressed in an experiment, the antibody performance and background should be determined and titrated with antibody leave-out, with the protein of interest absent, and in the presence of protein synthesis inhibitors.
Immunocytochemistry. After the post-fixation step (FUNCAT-PLA, Puro-PLA) or, alternatively, after fixation and permeabilization (only immunocytochemistry) or the click reaction step (regular FUNCAT), cells were blocked with 4% goat serum in PBS for 1 h, which was followed by incubation with the respective antibodies for cell markers (anti-Smi312 for axons, anti-MAP2 for dendrites), washes in PBS and incubation with fluorophorecoupled secondary antibodies for 30 min. Cells were washed, counterstained with DAPI in PBS (Roth, 1 µg/ml) for 3 min and mounted with AquaPolymount (Polysciences) or imaged directly in PBS. Samples were imaged soon after the experiment and stored at 4 °C.
Sample-size choice, imaging, image analysis and statistics. Sample-size choice and blinding. Within one Puro-PLA or FUNCAT-PLA experiment, the maximum number of MatTek dishes used was limited to 12 to ensure the concomitant processing and handling of the dishes with the same solutions and at the same time. For Lcell control experiments, transfected and untransfected cells were mixed in the same dish to ensure equal treatment. For imaging neurons, the experimenter selected the cells in the MAP2 channel blind to the PLA signal (but not blind to the conditions). Criteria for choosing cells were healthy appearance judged by MAP2 staining (no swelling of dendrites or fragmented pattern) and homogeneous DAPI staining. No cells were taken from the outer edge of the culture dish or when completely isolated. Neurons for which soma and dendrites were to be analyzed had to show a clearly traceable dendrite. We chose only cells with apparent connections to other neurons but not hidden in a dense accumulation of cells. These criteria set the maximum number of cells imageable per experiment. All images for one experiment were acquired in close timely relationship that set further limits on the maximum number of cells per experiments. With fewer conditions per experiment, the number of cells imaged per condition increased. For experiments where we analyzed only the soma signal (for example, TGN38 Puro-PLA and FUNCAT-PLA in Fig. 1f) , we did not apply the criterion of single cells with clearly traceable dendrite to enlarge the number of cells that can be analyzed per experiment but chose several fields of view selected in the MAP2 channel to contain multiple neurons. All cells with clear soma separation in a field of view were analyzed.
Imaging. Images were acquired with a LSM780 confocal microscope (Zeiss) using a 40×/1.4-NA oil objective (Plan Apochromat 40×/1.4 oil DIC M27) and a pinhole setting of 90 µm. All lasers were used at 2% power. Images were acquired in 8-bit mode as z stacks with 1,024 × 1,024-pixel (or 2,048 × 2,048 for better visualization) xy resolution through the entire thickness of the cell with optical slice thickness set for two times oversampling to allow 3D reconstruction, pixel dwell times of 0.39-0.79 µs and the detector gain in each channel adjusted to cover the full dynamic range but to avoid saturated pixels. Imaging conditions were held constant within an experiment.
Image analysis. To quantify the PLA signal in Lcells, multichannel maximum-intensity projections of the raw images were split into single-channel images in ImageJ (NIH). A manual threshold was applied to the PLA signal with the same value for controls and samples within an experiment, and the puncta area measured with ImageJ was divided by the number of cells. The number of cells was determined by thresholding the DAPI channel, applying the watershed algorithm to separate overlapping nuclei, and counting nuclei using the "analyze particles" plug-in in ImageJ.
To analyze the amount of newly synthesized protein in neurons, we used a similar approach but related the PLA signal to the MAP2 area representing the somato-dendritic neuronal compartment to account for the variable size and elaborate structure of neurons. Dilation of the MAP2-derived mask was performed to assure the inclusion of signal in spines or presynaptic terminals in the analysis but failed to include the majority of axonal area.
To analyze whole fields of view, PLA puncta were thresholded using the same value for all samples within one experiment. The MAP2 signal of the same cell was thresholded and dilated once using ImageJ. The sum of the PLA signal area or the integrated intensity of the PLA signal overlapping with the dilated MAP2 mask was divided by the nondilated total MAP2 area.
To analyze the distribution of newly synthesized proteins in soma vs. dendrites, for each neuron imaged, we cropped and analyzed the soma as described. From the same neuron, one principal dendrite was selected in the MAP2 channel (by an experimenter 'blind' to the PLA signal) and straightened with the "straighten" plug-in in ImageJ. The PLA signal was analyzed along the first 50 µm of dendrite as described above. All analysis was conducted using a customized script in ImageJ, which is available upon request.
Statistical analysis. For quantification and testing of statistical significance, data are displayed as combined graphs from multiple experiments. When necessary, data were normalized to one condition to compare experiments with different treatments or time courses between multiple experiments as indicated in the npg
